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The crystallization of LTA zeolite under a hydrothermal synthesis condition that contained a quaternary
ammonium-type organosilane surfactant was studied with X-ray powder diffraction (XRD), high-resolution scanning electron microscopy (HRSEM) and Monte Carlo simulation of the crystal growth. The
hydrothermal reaction products were collected at various crystallization times, and investigated with
XRD and HRSEM. The HRSEM images of the ﬁnal zeolite products were taken as synthesized and also
after cross-sectioning with an argon ion beam. The HRSEM investigation revealed presence of a disordered network of mesoporous channels that penetrated the microporous zeolite crystal. Unless the
loading of the surfactant was exceedingly high, the microporous zeolite particles exhibited truncated
cubic morphologies that were almost like single crystals, despite penetration by the mesopores. The
outline of the zeolite particle became progressively rounded as the mesoporosity was increased
according to the surfactant loading. The mesoporosity in the zeolite crystals was well maintained against
crystal-ripening processes for 6 d. This result supports the fact that the organosilane surfactant micelles
became incorporated inside the zeolite crystal as a mesopore generator during the crystallization
process. Data from Monte Carlo simulation agreed with these experimental results.
Ó 2010 Elsevier Masson SAS. All rights reserved.
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1. Introduction
Zeolites are a family of crystalline aluminosilicate minerals
possessing uniform micropores, and have been widely used as
shape-selective catalysts, ion-exchange agents and gas adsorbents
[1e4]. Micropore diameters in zeolites range typically over
0.3e1.5 nm. The pore diameters, shapes and connectivity are
uniquely determined according to the structure types. The micropores are generated in zeolite crystals during hydrothermal crystallization by a cooperative assembly between aluminosilicate
building blocks and their structure-directing agents (SDAs). SDAs in
natural zeolites are hydrated forms of alkali metal or alkaline earth
metal cations. In the case of synthetic zeolites, organic ammoniums
are also used as SDAs addition to the metal cations [5e7].
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A silica-rich LTA zeolite was synthesized using tetramethylammonium as an SDA in the early 1960s [7e9]. Since this
discovery, many new types of zeolite structures were discovered
via synthesis routes that used organic SDAs. Zeolite crystallization
mechanisms were extensively investigated in order to control
framework structures, particle morphologies and diameters
[1,10,11]. In recent years, zeolite crystallization studies were mostly
focused on nanocrystalline zeolites with particle diameters less
than 50 nm [12] and hierarchically mesoporous/microporous
zeolites [13e26]. These zeolites possessed intracrystalline or
intercrystalline secondary mesopores (i.e., pores with diameters in
the range of 2e50 nm) in addition to the intrinsic micropores. Such
zeolites exhibited a remarkably improved catalytic lifetime and
different product selectivity compared to bulk crystalline zeolites,
which was attributed to a short diffusion path length [24,27,28].
Various routes have been developed for the preparation of
hierarchically mesoporous/microporous zeolites (‘mesoporous’
zeolites) so far [13e26]. Of these routes, our attention in the present
work is focused on the synthesis method that uses quaternary
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ammonium-type cationic organosilane surfactant (OSS) as the
mesopore-generating agent [23e26]. This method has the advantage of controlling mesopore diameter and volume according to the
size and amount of OSS. Typically, OSS is composed of a long
hydrophobic alkyl tail and a hydrophilic quaternary ammonium
head group, which is similar to cetyltrimethylammonium bromide
(CTAB). The difference from CTAB is the substitution of a methyl
group by trimethoxysilyl, which can be hydrolyzed to a trihydroxysilyl group. The silica moiety in OSS was reported to have been
incorporated within a zeolite crystallization process by co-polymerizing with other silica or alumina sources that formed zeolite
frameworks under hydrothermal synthesis conditions [23,24].
In a previous work, Cho et al. [24] used N2 adsorption, scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) to investigate whether OSS led to the generation of intercrystalline mesopores or intracrystalline mesopores during the
hydrothermal synthesis of LTA zeolite. Using a correlation between
the mesopore diameter and the amount of OSS, they concluded that
the mesopores were located inside the LTA zeolite crystals. The
presence of the intracrystalline mesopores was supported by TEM
images of Pt nanowires that were generated by the impregnation of
Pt(NH3)4(NO3)2. Despite the previous work, however, it was still
unclear if mesopores were generated uniformly inside the zeolite
crystals, or only in an outer region of the crystal. Detailed investigations on the location of mesopores were thus required to elucidate the exact mechanism for the generation of mesopores by OSS.
The present work was undertaken as a continuing investigation
on the mesopore-generation mechanism of OSS during the
synthesis of LTA zeolite. For this study, we used high-resolution
(HR) SEM in combination with a crystal cross-section polishing
technique by argon beam. In recent years, there were remarkable
improvements in the resolving power of SEM technique according
to an improvement in the objective lens, the precise control of the
electron landing energy, and the development of new types of
detectors [29]. The HRSEM technique has been gaining much
attention as an informative tool to observe topological changes on
crystal surfaces during the crystallization. Stevens et al. [30] used
the HRSEM technique to observe the ﬁne details on the crystal
surface of LTA zeolites with nanometer-resolution. The HRSEM
could distinguish each edge of the terraces, which were present
layer-by-layer on the surfaces with the distance of 1 nm. Furthermore, López-Noriega et al. [31] used HRSEM after cross-sectioning
mesoporous silica with an argon beam. The cross-section images
provided very valuable information on the internal feature. The
HRSEM techniques, both with and without cross-sectioning were
applied in the present work, in order to investigate the mesopore
generation process by OSS in LTA zeolite. Precipitated samples were
collected in various stages of the hydrothermal synthesis. These
samples were analyzed by X-ray powder diffraction (XRD) and N2
adsorption in addition to the HRSEM technique. The intracrystalline
mesopore-generating mechanism has been proposed on the basis
of the result. Monte Carlo simulation has also been carried out in
this work in order to understand how the single crystal-like zeolite
particles could be formed as including the OSS micelles.
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distilled water to give the molar composition of 100 SiO2/333 Na2O/
67.0 Al2O3/20 000 H2O/n OSS at room temperature. In a typical
synthesis experiment, the LTA zeolite was crystallized while the
starting mixture was heated for 4 h at 373 K under vigorous
magnetic stirring. The product (solid precipitate during crystallization) was collected by ﬁltration. The highly crystalline zeolite
collected at 4 h is denoted by ‘NaA-n’, where ‘Na’ means the
cationic form of LTA zeolite, and ‘n’ indicates the number of OSS
moles. Thus, NaA-0 is a bulk LTA zeolite sample, and other NaA-n
samples are mesoporous LTA samples.
2.2. Characterization
XRD patterns were recorded by a Rigaku Multiﬂex diffractometer using a monochromatized X-ray beam coming from nickelﬁltered Cu Ka radiation (40 kV, 30 mA). XRD scanning was
performed under ambient conditions at steps of 0.02 and an
accumulation time of 0.5 s per step.
All SEM images were obtained without metal coating at KAIST,
Stockholm and France. A Hitachi S-4800 instrument was operated
at 2.0 kV at KAIST. JEOL JSM-7401F and JSM7600F were used at
Stockholm and France, respectively, at 0.8e1.0 kV (retarding bias:
0.2 kV) for secondary electron observation and 3.0e5.0 kV for
backscattered electron observation. The LTA zeolite samples were
cross-section polished for 6 h by JEOL SM-09010 using accelerated
argon ions (6 kV, 120 mA).
2.3. Monte Carlo simulation on zeolite crystal growth
Two- and three-dimensional Monte Carlo simulation programs
were written to coarse grain a half unit cell height of LTA into
1.2 nm, by means of coding in Fortran 90 and rendering with
MathematicaÒ version 6.0 from Wolfram Research, Inc. The choice
of 1.2 nm growth units (see Supplementary Information Fig. S1A)

2. Experimental
2.1. Zeolite synthesis
Mesoporous LTA zeolite samples were hydrothermally synthesized following the procedure of Choi et al. [23] described elsewhere [24]. In brief, sodium metasilicate was used as a silica source.
The alumina source was sodium aluminate. 3-(trimethoxysilyl)
propylhexadecyldimethyl ammonium chloride was used as OSS.
These reactants were well mixed with sodium hydroxide and

Fig. 1. Powder XRD patterns shown in (A) were obtained from solid precipitates collected
by ﬁltration after various reaction times, during a hydrothermal synthesis of mesoporous
LTA zeolite that used 3-(trimethoxysilyl)propylhexadecyldimethylammonium chloride as
the mesopore-generating organosilane surfactant (OSS). The reaction was performed
with the starting molar composition of 100 SiO2/333 Na2O/67.0 Al2O3/20 000 H2O/2 OSS.
Dotted lines are baselines on the XRD patterns. The fully crystalline zeolite product
collected at 240 min is referred to as NaA-2, where ‘2’ indicates the OSS mole number in
the gel composition. Closed circles in (B) indicate the [100] peak intensities normalized by
the intensity at 240 min. Open circles were obtained from a bulk LTA zeolite synthesis
(i.e., NaA-0), which was performed in the same way as for NaA-2 except for the absence of
OSS.
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Fig. 2. SEM micrographs taken from solid precipitates collected during the hydrothermal synthesis of LTA zeolites: NaA-0 (left side) and NaA-2 (right side). The hydrothermal
reaction times are given on the SEM images. In agreement with the XRD pattern, the SEM images show the appearance of a small number of zeolite crystals at 110 min of the
synthesis. The ﬁnal NaA-0 product shows fully crystalline morphologies of bulk LTA zeolite particles, whereas NaA-2 exhibits crystal-like morphologies with an agglomeration of
small nanoparticles at the external surfaces.

was based on measurements of individual step heights on AFM
studies on zeolite LTA [32]. Site types were determined by their
connectivity to the neighboring building blocks. OSS could be
attached to a growth site when the concentration of OSS was high
but then constantly decreased by time. The calculation was
executed on a 64 bit Intel Xeon processor running at 3 GHz with
4 GB of RAM. Images were rendered on the Intel Core Duo processor
with 2.16 GHz and 1 GB of RAM.
3. Results and discussion
3.1. HRSEM investigation on mesopore generation
The progress of the zeolite crystallization was monitored by
XRD analysis. As the XRD pattern in Fig. 1A shows, the precipitate
collected at 30 min was completely amorphous. Diffraction peaks
that corresponded to the zeolite phase started to appear after
90 min, increasing the intensity rapidly over the period of
110e190 min. No further changes were detected after 240 min.
Hence, the crystalline yields at reaction time, t, were determined
by the intensity ratio of the [100] reﬂection between time t and
240 min, I100(t)/I100(240 min). The crystalline yields deﬁned in this
manner increased with describing an S-shape curve over the

reaction period of 100e200 min, as presented in Fig. 1B. This
pattern corresponds to the typical growth curves of zeolites. The
growth curve of NaA-2 was closely overlapped with that of the
bulk NaA-0 zeolite. The crystal growth rate decreased progressively as the amount of used OSS increased up to 8 moles, but the
difference for the maximum crystallization yield was less than
20 min at most. This result indicates that OSS disturbed the
growth of the zeolite crystal, but its inﬂuence on the crystallization kinetics was not signiﬁcant below 8 moles of OSS. However,
a mixture of NaA zeolite and P zeolite was obtained above 8 moles
of OSS loading.
In Fig. 2, the SEM micrographs were taken from samples
collected at various crystallization times for NaA-0 and NaA-2
syntheses. The images of the initial amorphous samples collected at
t ¼ 30 min show no signiﬁcant morphological difference between
the two synthesis lines. Both products at this time looked like an
amorphous gel. At t ¼ 110 min, crystalline particles were detected
among the amorphous phase. The crystalline particles were identiﬁed as LTA zeolite by TEM investigation and electron diffraction
analysis. At this time, the particles did not yet exhibit the [110]
facets of LTA crystal. On the other hand, the fully crystallized NaA-0
particles collected at t ¼ 240 min show the [110] facets clearly. The
particle sizes at t ¼ 110 min were relatively smaller than the fully
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Fig. 3. HRSEM micrographs of NaA-2 (left side) and NaA-8 (right side). The top images were taken from the external surfaces of calcined samples. The others were taken after crosssectioning by argon ion beam. The SEM images at the cross-sectioned planes show mesopores inside these zeolite particles.

Fig. 4. HRSEM micrograph of NaA-0.5 which was hydrothermally synthesized at very
low concentration of OSS.

Fig. 5. Schematic representation of mesopore-generation by OSS on the external
surface of the LTA zeolite crystal.
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Fig. 6. (A) Simpliﬁed energy diagram showing growth along (a) <100> and (b) <110> and the relative energies as (a) DE<100> and (b) DE<110>. This energy diagram is also able to
show the driving force development: DmH, DmM, and DmL for the conditions of high, medium and low supersaturation, respectively. (B) HRSEM images of NaA-1, -2 and -8 and the
morphological description by means of coarse-grain simulation with relative velocity growth along <100> and <110>.

crystallized particles. These features indicate that the particles at
t ¼ 110 min were still growing.
Upon full crystallization at t ¼ 240 min, the NaA-2 particles also
exhibited a roughly cubic-like morphology. Although the fully
crystallized NaA-2 particles exhibited crystal-like morphologies,
the detailed structures at the external surfaces were remarkably
different from those of the bulk NaA-0 zeolite. While the bulk
zeolite particles generated in the absence of OSS showed smooth
surfaces, the zeolite particles generated in the presence of OSS
showed crystal surfaces that were roughened by troughs. Note that
the surface roughness could already be detected at t ¼ 110 min,
before the completion of crystal growth. This indicates that OSS
was continuously incorporated during the crystal growth.
Fig. 3 shows the HRSEM images of the NaA-2 and NaA-8 crystals.
In these images taken at Stockholm, the nano-sized troughs on the
zeolite crystal surfaces can be seen more clearly than those in Fig. 2.

The troughs on NaA-2 are randomly branched and interconnected,
but quite uniform in width (6e9 nm). Theses troughs are believed
to be mesoporous channels generated by OSS micelles. The mesoporous channels seemed to run on the same crystal plane, separating the crystal surface locally. The cross-section HRSEM images
for NaA-2 show that the mesopores are also present inside the
zeolite crystal. The mesopore channels are somewhat aligned
radially from the core to the external surfaces. Such a radial
orientation may be ascribed to radial growth of zeolite crystal from
a nucleus. The diameters of the mesopores inside the crystals were
fairly uniform, but a few unusually large pores were also observed.
These large pores are believed to be generated by bulky agglomeration of OSS, which could occur during the preparation of the
initial synthesis mixture. In NaA-8, the OSS micelles expanded due
to the excessive OSS molecules [24] that were formed wider and
more random mesopores than in NaA-2. The crystal surfaces were
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Fig. 7. SEM micrographs of two LTA zeolite samples collected after hydrothermal
reaction at 373 K, from the starting molar composition of 100 SiO2/333 Na2O/67.0
Al2O3/20 000 H2O/2 OSS. These samples were collected after 240 min and 6 d,
respectively, under the same hydrothermal synthesis conditions. These images show
that the zeolite crystals with mesoporous morphology were obtained within 240 min,
retaining the same morphology even after 6 d under the same hydrothermal synthesis
condition.

very rough, and the direction of the internal channels was quite
random. On the other hand, when the number of OSS moles in the
zeolite synthesis composition is decreased to 0.5, the synthesized
NaA-0.5 sample exhibited a very low content of mesopores on the
crystal surfaces (Fig. 4). Most of the mesopores have cylindrical
forms with quite uniform diameters and oriented parallel with
<100> axis on the crystal surface. Such an interesting feature
indicates that OSS micelles were incorporated into the crystals with
a speciﬁc orientation at low OSS loadings.
Based on the HRSEM observation, we propose the model shown
in Fig. 5, for the generation of mesopores by OSS. In this model, we
assume that OSS has a tendency to form a randomly branched
cylindrical micelle-network, which is then incorporated within the
growing zeolite crystal. At a low loading of OSS, the crystal growth
seems to affect or induce orientation of the OSS micelles along the
<100> axis. We believe that single crystals or at least single crystallike particles can be generated as incorporating OSS micelles. On
the other hand, at a sufﬁciently high OSS loading, the disorder of
OSS micelles seems to dominantly affect the crystal growth process
into probably polycrystalline particles with round shape. Probably,
the silica moiety in OSS can participate in the zeolite formation, as
a part of the silica source. Without this silica moiety, the quaternary
ammonium-type surfactant, e.g. CTAB, cannot incorporate into
zeolite crystals during the crystallization [33,34].
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Fig. 8. SEM micrographs of two LTA zeolite samples collected after 240 min of
hydrothermal synthesis at 373 K from the same starting molar composition, but with
different Si/Al: (top) synthesized with Si/Al ¼ 0.75 in the gel composition (100 SiO2/
333 Na2O/67.0 Al2O3/20 000 H2O/2 OSS), and (bottom) with Si/Al ¼ 1 (133 SiO2/333
Na2O/67.0 Al2O3/20 000 H2O/2 OSS). The LTA zeolite which was synthesized with Si/
Al ¼ 0.75 was a mesoporous NaA-2 zeolite. As the Si/Al increased to 1, the bulk LTA
zeolite was obtained. These results indicate that OSS could only be incorporated under
a silica-lean synthesis condition where OSS could participate in the zeolite crystallization process as a silica source. Under the silica-rich condition, non-mesoporous
crystals were generated, excluding OSS from the crystallization process.

Our HRSEM investigation after such cross-sectioning revealed
the detailed structure of internal mesopore channels with a nanometer resolution. The distribution and the connectivity of the
mesopores observed by HRSEM are in good agreement with the
results obtained from TEM imaging of the platinum nanowires
generated inside the mesopore channels [24]. The Pt TEM technique was very effective in imaging the local structure of the
mesopore channels, such as shapes and connectivity. In comparison, the present HRSEM investigation with argon polishing technique is more effective for investigating the mesopore distribution
inside the zeolite particle as well as detailed surface images.
3.2. Monte Carlo simulation on the crystal growth of LTA zeolite
under the presence of OSS
In order to understand the experimental results and crystal
growth mechanisms, Monte Carlo simulation was applied. The
results were compared with the experimental data in terms of
morphology and topography observation by HRSEM. Monte Carlo
simulation conﬁrmed the OSS concentration dependence as
expected in both of morphology (see Supplementary Information
Fig. S2) and topography (see Supplementary Information Fig. S3).
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This simulation was performed on an energy correlation
diagram simply shown in Fig. 6A. Energetics showed a role of OSS.
Bars (a) and (b) in Fig. 6A are energy levels at sites that grew along
<100> and <110>, respectively. The comparison between the
relative energies for (a) DE<100> and (b) DE<110> explains that the
higher energy site was the “slower” site and the lower energy site
was the “faster” site in terms of growth. Therefore, in this study, the
velocity of growth along <100> and <110> (denoted below as
v<100> and v<110>, respectively) was deﬁned as: If DE<100>
< DE<110>, then v<100> > v<110>. Else, if DE<100> > DE<110>, then
v<100> < v<110>.
When the driving force existed above these energy levels, it was
the condition of high supersaturation (DmH). As the driving force
lessened to the point where it was below the energy for a particular
site type, the site changed from overall growth mode to overall
dissolution mode. In Fig. 6A, under the condition of medium
supersaturation (DmM), the growth along <100> is turned to be
dissolution, and then the growth along <110> changed to be
dissolution under low supersaturation (DmL).
According to the Bravais, Friedel, Donnay and Harker law (i.e.,
the slowest growing faces dominate the growth morphology of the
crystal), crystal morphology is determined by the velocity of
nucleation on each facet. The interests are in the disappearance of
{110} faces due to the inﬂuence of OSS. Fig. 6B shows the coarsegrain simulation result of various morphologies and the evaluated
velocity of growth along <100> and <110>. NaA-0 and NaA-1
showed a {100} and {110} cubic shape because v<110> was relatively
slow against v<100>, while a {100} cubic shape (with high steps on
{110}, see Supplementary Information Fig. S1B) as seen in NaA-2
was created when v<100> was faster than v<100>. If v<110> was very
fast, the crystal became entirely round like NaA-8. Consequently, it
has been considered that OSS plays a role in increasing v<110>, or
decreasing DE<110>.
3.3. Stability of mesopores in LTA zeolite framework against crystal
ripening process

supporting the intracrystal-generation mechanism. This crystallization process could be animated by Monte Carlo simulation. In this
work, we have also found that the synthesis should be performed
under a moderately basic and slightly silica-lean condition to
generate the intracrystalline mesopores. This information would
help in understanding the synthesis mechanism and also extending
the OSS-using synthesis strategy to other zeolites.
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